ABSTRACT Achievable capacity of optical fiber is approaching its physical limitation in frequency domain. Space division multiplexing (SDM) technology can scale the network capacity using multi-core fiber and multi-mode fiber. In order to provide high-speed transmission services with fine granularities, SDM enabled elastic optical networks (SDM-EONs) become a promising candidate of future optical transport networks. However, since the spectrum status in SDM-EONs becomes more complex with the introduction of spatial dimension, the issue of spectrum fragmentation will be more serious in SDM-EONs compared in simple EONs. To remedy the issue of spectrum fragmentation in SDM-EONs, we propose a crosstalk-aware spectrum defragmentation (CASD) algorithm based on a metric, i.e., spectrum compactness (SC), which we define to measure the spectrum status in the SDM-EONs. Simulation results show that the proposed CASD algorithm can achieve better performance than a benchmark algorithm in terms of blocking probability and spectrum utilization. We also compare CASD algorithm with different SC thresholds in bandwidth blocking probability and spectrum utilization. Among them, CASD algorithm with SC threshold of 50 performs the best. It can achieve low spectrum moving times as well as low defragmentation latency.
I. INTRODUCTION
With the exponential growth of IP traffic, the transmission capacity of a fiber link has increased by a hundredfold, attributed to different dimensional multiplexing technologies, such as optical time division multiplexing (OTDM), wavelength-division multiplexing (WDM), polarization mode multiplexing, and space division multiplexing (SDM) as shown in Fig.1 . OTDM is similar to electrical time multiplexing (ETDM), but the signal transmission and switching are entirely in optical domain [1] . Optical packet switching (OPS), optical burst switching (OBS), and optical flow switching (OFS) are proposed as the main representatives of OTDM [2] - [4] . WDM technique offers a very effective utilization of the fiber bandwidth directly in frequency domain, rather than in time domain. In addition, wavelengths can be routed and be switched [5] , which makes WDM network as an important candidate for transparent optical networks. WDM network is a well-commercialized optical network that has been widely used in current backbone as well as access networks. However, the fixed and coarse granularity of WDM network restricts the optical networks with rigid bandwidth provisioning, inefficient capacity utilization, and high CAPEX. Elastic optical networks (EONs) with flexible-grid technology is proposed to overcome the drawbacks of WDM networks [6] , [7] , and to utilize spectrum resources more efficiently by selecting suitable modulation format and fine-grained spectrum based on the demand and optical-reachability of path set-up requests. However, optical networks that are based on single-mode and single-core fiber have almost reached its physical limitation in terms of total achievable capacity [8] . Recently, a new multiplexing technology, i.e., SDM, has been proposed to further increase the fiber capacity, by using spatial dimension resource. It can further scale network capacity, thanks to the usage of parallel strands of single mode fiber (SMF), uncoupled or coupled cores of multicore fiber, or even individual modes of few-mode fiber in combination with multiple-input multiple-output (MIMO) digital signal processing [9] , [10] . Furthermore, with SDM technology, multi-core fiber (MCF) and multi-mode fiber (MMF) can be used to enhance the fiber capacity in proportion to the number of cores and modes per fiber (MCF) is the one we study in the paper, because it is more practical compared with MMF. Therefore, SDM enabled elastic optical network (SDM-EONs) is being recognized as one of the most promising candidates for optical transport networks in the future. To fully unleash the power of SDM-EONs, efficient routing and spectrum (RSA) algorithm is necessary to establish an end-to-end lightpath for a path setup request. However, traditional RSA algorithms are highly customized for single-mode and single-core fiber, e.g., without considering the spatial dimension. So they are no longer directly applicable to SDM-EONs, and new routing, spectrum and core allocation (RSCA) algorithms are required. Furthermore, there are several features in SDM-EONs, such as the mitigation of spectrum contiguity constraint, which means that the signal can be exchanged from core to core freely while maintaining the same spectrum. Some research works have been conducted on RSCA algorithms for various optimization objectives [11] - [14] , and physical constraint, i.e., inter-core crosstalk, has been considered in RSCA algorithm [13] .
In EONs, the frequent setup and release of lightpaths in a dynamic network scenario will fragment the optical spectrum into non-aligned, isolated and small-sized spectrum segments, as it has the specific features, spectrum contiguity and consistency constraints [15] . Spectrum fragments result in low spectrum utilization and high blocking probability, because these fragments make it difficult to allocate a continuous spectrum segment big enough to satisfy the demand of incoming connection request. The technique that rearranges the spectrum segments by compacting some of deployed lightpaths and sparing continuous ones to make way for new requests, is called spectrum defragmentation, which has demonstrated its ability of improving the spectrum condition for EON in [16] - [20] . The spectrum defragmentation algorithm in EONs was first proposed in [16] . The disruption-minimized spectrum defragmentation method is designed in dynamic EONs that adopt distance adaptive modulation [17] . Yu et al. [18] proposed a spectrum compactness (SC) based defragmentation scheme to maximize the profitability of defragmentation. Dynamic and adaptive bandwidth defragmentation is investigated in EONs with timevarying traffic by connection reconfigurations [19] . Push-pull defragmentation technique is discussed and evaluated, which is based on dynamic lightpath frequency retuning upon proper reconfiguration of allocated spectrum resources [20] . Most of spectrum defragmentation algorithms can be categorized as either proactive or reactive [21] , the former approach is performed periodically to ''clean up'' the spectrum fragments in the network, and the latter is performed only when the cost of defragmentation can be minimized. In SDM-EONs, the issue of spectrum defragmentation is more serious compared with in regular EONs, because the spectrum status in SDM-EON becomes more complex for the consideration of spatial dimension. However, to the best of our knowledge, there are few related works on spectrum defragmentation in SDM-EONs. The policies for spectrum allocation, e.g. fragmentation-aware RSA, must consider the defragmentation of the spectrum. The purpose of defragmentation is to improve the rate of spectrum fragments utilization, and improve the rate of service requests access, then make the idle spectrum fragments more continuously. Another purpose of defragmentation is to optimize and recover the network status. It is necessary to optimize resources periodically for network operators. Defragmentation can lead to good performance and ability to provide expected quality-of service (QoS) in next generation optical networks, and solve serious issues, such as call blocking and traffic admissibility. It is believed that the defragmentation issue in SDM-EONs is extremely important for improving the network status. When the required slots of a lightpath request are not satisfied, the lightpath request is disallowed, defragmentation will fix this problem by adjusting fragments and improve call blocking in the network.
In the paper, we study the issue of spectrum defragmentation in SDM-EONs. Inter-core crosstalk is considered as a physical layer constraint for routing and spectrum assignment. A metric, i.e., spectrum compactness is proposed to measure the status of spectrum resources in SDM-EONs. A crosstalk-aware spectrum defragmentation algorithm is proposed based on spectrum compactness, and compared FIGURE 2. Spatially and spectrally resolved optical switching fabric [14] .
with the normal RSA algorithm without considering spectrum defragmentation in terms of bandwidth blocking probability, spectrum utilization, spectrum moving times, and spectrum defragmentation latency. The paper is organized as follows. The background of SDM-EONs with multi-core fiber is described in Section 2, including the switch fabric, inter-core crosstalk, and crosstalk-aware spectrum assignment. The definition of spectrum compactness in SDMEONs is given in Section 3. A crosstalk-aware spectrum defragmentation (CASD) algorithm is proposed in Section 4. Section 5 gives the simulation results and analysis, and Section 6 concludes the paper.
II. GUIDELINES FOR MANUSCRIPT PREPARATION A. SWITCH FABRIC IN SDM-EONs WITH MULTI-CORE FIBER
Spectrum slots in different cores are the most important resources in SDM-EONs. A spatially and spectrally resolved optical switching fabric is designed as shown in [14, Fig. 2 ]. As the most important resource in optical network, spectrum slot is the basic bandwidth unit, and spectrum contiguity constraint must be followed. Thus, an end-to-end service must use the same spectrum slots along the path. Meanwhile, the service can be carried by several spectrum slots within the same core, and these spectrum slots must be continuous in the spectrum domain, which is referred to as spectrum continuity constraint. Each core should adopt orthogonal frequency division multiplexing (OFDM) technique to improve the spectrum efficiency.
As shown in Fig. 2 , the functions of fiber switching, core switching and spectrum switching can be achieved in the optical switching fabric, allowing adding, dropping and switching of different flexible channels with granularity down to the wavelength level. The transceiver resources consist of a transceiver pool, supplying the appropriate sub-transceivers according to the traffic requirement. In the switch fabric, different spectrum slots can be switched between different cores, but they must follow the mitigation of spectrum contiguity constraint, which means that the signal can be exchanged from core to core freely while maintaining the same spectrum. An example is used to illustrate this issue in Fig. 3 . 
B. CROSSTALK BETWEEN DIFFERENT CORES IN SDM-EON
There is an important constraint in SDM-EON, i.e., intercore crosstalk. The crosstalk may occur between the adjacent cores, which will severely impact the signal quality during transmission. To decrease the crosstalk and achieve dense core arrangement, a trench-assisted multi-core fiber (TA-MCF) was developed [22] . Fig. 4 (a) shows a schematic diagram of the seven-core model used in this paper. The schematic of a core with index trench is shown in Fig. 4(b) . To evaluate the statistical mean crosstalk of a MCF, Eqn. (1) is first exploited. Furthermore, the coupled-power theory is considered to form Eqn. (2) , where XT is the mean crosstalk [22] .
In Eqn. (1), h denotes the mean increase of crosstalk per unit length. k, r, β, and ω th are the relevant fiber parameters, representing the coupling coefficient, bend radius, propagation constant, and core-pitch, respectively. In Eqn. (2), n is the number of the adjacent cores, and L represents the fiber length. From the crosstalk calculation equations, we can notice that the crosstalk is affected by the number of adjacent cores and the length of the fiber.
C. CROSSTALK-AWARE RSCA
With the introduction of crosstalk issue, RCSA algorithm becomes more complex. When the same spectrum slices overlap on the adjacent cores, inter-core crosstalk will occur. Crosstalk for different spectrum slices or none-adjacent cores is quite little, then it can be eliminated. However, the crosstalk between adjacent cores can severely impact the signal during the propagation process, so it is extremely important to consider the crosstalk during the RCSA process. Note that the crosstalk checking is a complex process. When a requested lightpath is to be provisioned, the inter-core crosstalk between the new lightpath and other already provisioned lightpaths should satisfy a predefined threshold, because the additional crosstalk caused by the new lightpath may make the signal quality of the provisioned lightpaths worse [11] - [14] . However, there are few related works on spectrum defragmentation in SDM-EONs, which is more serious in SDM-EONs than in EONs, because the spectrum status is more complex in multi-core fiber with inter-core crosstalk, which will be explained in next section.
III. SPECTRUM COMPACTNESS IN SDM-EONS
Before introducing spectrum defragmentation issue in SDM-EONs, we give a metric, named spectrum compactness, to describe the occupation of spectrum fragments in each core based on our previous work [18] . The network model is described first as follows.
A. NETWORK MODEL
The physical network topology of SDM-EONs is modeled as a directed graph G = (V , E, C), where V is the set of physical nodes, E represents the set of physical optical links, and C represents the set of cores on each link. The threshold of the inter-core crosstalk is defined as XT threshold . For the RCSA problem, inter-core crosstalk must be taken into account. When a request is allocated with a connection on the physical network, the inter-core crosstalk of the connection should be calculated and be guaranteed to be below TH. At the same time, the crosstalk of the established connections should be maintained in case the allocated requests are seriously affected by the crosstalk. It is worth noting that we primarily consider the inter-core crosstalk in this paper. Intra-core impairment is addressed through the introduction of a guard band between connections. Some notations used in the paper are listed in Table I .
Spectrum compactness in SDM-EONs is defined as Eqn. (3) is (7−2+1)/4. While, the total number of available spectrum slots is 1 + 2 + 2 = 5, and the number of available spectrum blocks is 3. So, the second half of Eqn. (3) is (1 + 2 + 2)/3. Then we can get the 
. From the definition of spectrum compactness, we can see that the value of spectrum compactness represents the possibility that the vacant spectrum fragments could be used. The larger spectrum compactness is, the greater possibility that these spectrum fragments will be used.
IV. CROSSTALK-AWARE SPECTRUM DEFRAGMENTATION (CASD) BASED ON SPECTRUM COMPACTNESS
In this section, we propose two defragmentation solutions, i.e., Same Spectrums and Different Cores (SS-DC) and Different Spectrums and Same Cores (DS-SC). Based on these two defragmentation solutions, a crosstalk-aware spectrum defragmentation (CASD) algorithm is designed.
A. DEFRAGMENTATION SOLUTIONS 1) SS-DC
The main idea of SS-DC is to move the connection to another core on the same link with the same spectrum slots to increase the spectrum compactness. As shown in Fig. 6 , the connection R1 can be moved from core 0 to core 1 at the second spectrum VOLUME 6, 2018 slot on link 1, while the connection on link 2 does not need to be moved. During the moving, the inter-core crosstalk should be fully considered. In Fig. 6 , assuming that SC value of core 0 is less than the threshold value, then finding all independent connections on core 0, e.g. connection R1, of which the left and right resources are not occupied). Moving these connections in the same FS(s) across cores until the SC value of core 0 is higher than the SC threshold, and it is considered successfully. It also means the spectrum continuity of core 0 improves. As for one connection adjustment, the same FS(s) need to be maintained and the inter-core crosstalk should be considered. One of dissatisfaction will cause failure, while both are satisfied and the SC value of the core0 is higher than the previous SC value after adjusting, the defragmentation process are also considered successfully.
2) DS-SC
Based on SS-DC, DS-SC solution is proposed. If there is no available spectrum resource on other cores or the crosstalk exceeds the threshold, the connection can be moved to other available spectrum on the same core along the lightpath. As shown in Fig.7 , the connection R1 can be moved to the first spectrum slot on both link 1 and 2. Note that migrating a connection to different FS(s) cannot be performed only in one link of a lightpath, instead it should be performed on all links of a lightpath to guarantee FS(s) consistency. The connection adjustment satisfies both the consistency and none inter-core crosstalk, as well as higher S C value of the core0 after adjusting in a lightpath, the defragmentation are considered successfully.
B. CASD ALGORITHM
Combined SS-DC with DS-SC, CASD algorithm is designed, which is described as follows.
It is worth noting that the output of CASD algorithm refers to the lightpaths the SC values of which are below threshold. Then a new lightpaths distribution can be gained. To make it clearly, the block diagram of CASD algorithm can be found in Fig. 8 . Exactly, there may be some interruption for the current connections during the process of spectrum defragmentation due to laser switching and reconfiguration of the switching device. This impact can be measured in terms of spectrum moving times in the simulation results section.
In CASD algorithm table, the function of SS-DC and DS-SC occur during line 6 to 19 and line 20 to 34 respectively. Line 20 searches the available spectrum for the connection in the same core along the lightpath, the time complexity of which is |T |, which is defined in notation move the spectrum to the oriented core; 7:
break; 8: end if 9: end if 10: end for time complexity of line 23 is 2 |S|. Line 25 calculates the crosstalk of the affected connections, the worst time complexity of which is |S|. Line 27 move the spectrum to the oriented core, the worst time complexity of which is also |S|. So, the worst time complexity of algorithm CASD-DS-SC is O ((M * T ) * log(M * T ) + (S * T )).
V. NUMERIC RESULTS AND ANALYSIS
The proposed spectrum defragmentation algorithm is evaluated through the simulation on the topology with 14 nodes and the topology with 11 nodes, as shown in Fig. 9 . It is assumed that each fiber has 7 cores, and each core has Algorithm 3 DS-SC Solution Algorithm 1: for (j = 1; j < q + 1; j + +), do 2: calculate the SC c,l of the original spectrum block and the jth spectrum block; 3: if SC c,l of the jth spectrum block > SC threshold , then 4:
calculate the crosstalk of the affected connections R x (may be more than one); 5:
if XT R x < XT threshold , then 6:
move the spectrum to the new spectrum block on same core; 7:
break; 8: end if 9: end if 10: end for 320 spectrum slots. Each frequency slot is 12.5 GHz and the guard band is assumed to be 25 GHz (2 slots). BPSK is applied to the generated connections as the modulation format. The fiber parameters k, r, β, ω th in formulation 1 are set as 3.16 × 10 −5 , 55mm, 4 × 10 6 , 45µm, and the threshold of the crosstalk is −32dB [23] . The service requests are generated randomly among any node pairs. The arrival of service requests follows Poisson process, and the required spectrum bandwidth of each request is even randomly generated between 1 and 10 spectrum slots. The results are obtained from 100,000 service requests. The crosstalk-aware RSA (XTA-RSA) algorithm [24] is simulated as the benchmark algorithms. First-fit strategy is adopted in XTA-RSA algorithm, which considers the inter-core crosstalk when assigning the spectrum resources. The performance is evaluated in terms of bandwidth blocking probability, spectrum utilization, spectrum moving times, and spectrum defragmentation latency.
A. BANDWIDTH BLOCKING PROBABILITY
In this section, we evaluate the proposed CASD algorithm based on the simulation results. First, we compare the proposed CASD algorithm with the benchmark algorithm in terms of Bandwidth Blocking Probability (BBP). The benchmark algorithm is implemented with crosstalk-aware first-fit spectrum assignment, yet without defragmentation process. CASD algorithm is implemented with different SC threshold values, to compare the BBP performance. Fig. 10 and Fig. 11 show the simulation results on BBP with different topology. It can be observed that BBP curves in the figures follow the same trend. When comparing the results of the CASD scheme with that of the benchmark algorithm, it can be observed that the CASD achieves lower BBP for all traffic loads. Because CASD scheme optimizes pieces of spectrum resources, and effectively improves the continuity of the spectrum resources. The benchmark algorithm has higher BBP, because as requests arrive and depart, a large number of spectrum fragments are generated, which cannot be used by many incoming requests, as the spectrum assignment must follow spectrum continuity and consistency constraints [15] . Therefore, a lot of spectrum resources become unusable and wasted. However, CASD algorithm can perform spectrum defragmentation and reconstruction to remedy this issue, when a request is blocked due to the shortage of usable spectrum resources. Based on the spectrum compactness of the algorithm, spectrum fragments are shifted in identical spectrum slots over different cores to serve the blocked request, and if it still cannot be provisioned, the spectrum fragments will be shifted to different spectrum slots over the same core. In this way, the continuity of spectrum resources will be improved due to the applying of spectrum compactness. As a result, more requests can be provisioned, and lower BBP can be achieved.
Comparing BBP curves between the benchmark algorithm and the CASD algorithm with threshold equal to 50, the maximum BBP difference is 46.82% and 55.18% respectively as illustrated in Fig. 10 and Fig. 11 .
B. SPECTRUM UTILIZATION
The simulation results on Spectrum Utilization (SU) are plotted in Fig. 12 and Fig. 13 . We can observe that CASD scheme performs better than the benchmark algorithm under all traffic loads. Because defragmentation can effectively integrate the spectrum resources, and gather spectrum fragments to provision more requests, thereby spectrum utilization can be improved.
The results also indicate that the CASD scheme with SC threshold equal to 50 achieves lower BBP than with SC threshold equal to 10, because CASD scheme with a SC threshold of equal to 50 can trigger more reconstruction operations. As a result, the spectrum situation will be tighter and more continuous, and thus can provision more requests.
The maximum SU difference between CASD scheme with a SC threshold of 10 and the benchmark algorithm is 5.64% and 5.49% respectively as illustrated in Fig. 12 and Fig. 13 .
C. SPECTRUM MOVING TIMES
As shown in Fig. 14 and Fig. 15 , when the SC threshold is 50, the CASD algorithm has slightly lower Spectrum Moving Times (SMT). Because the value of SMT is the ratio of the total number of spectrum shift and the number of successes of the spectrum shift. Compared to SC threshold of 10, a SC threshold of 50 has more spectrum shift successes, according to the results of BBP and SU, resulting in a lower SMT, as shown in Fig. 14 and Fig. 15 . A spectrum shift is considered successful if the SC values of both original core and the oriented core excess the SC threshold and the crosstalk constraint is satisfied.
D. SPECTRUM DEFRAGMENTATION LATENCY
Similar with SMT, Spectrum Defragmentation Latency (SDL) also denotes the cost of defragmentation. It refers to the consumed time for spectrum defragmentation, measured in second (s). Moreover, the measurement of spectrum defragmentation latency is the time from when the defragmentation is triggered to the defragmentation is succeed in this paper. A analogous concept named average number of operations for EONs can be referred from [25] . The simulation results of SDL are plotted in Fig.16 and Fig.17 . From the simulation results, CASD with a SC threshold of 50 has lower defragmentation latency. Thus, considering the extra cost of defragmentation, the SC threshold of 50 is also performing well. 
E. COMPARISON OF DIFFERENT SC THRESHOLD
Simulation results with traffic load 295 are depicted for different thresholds in Fig. 18, Fig. 19, Fig. 20, and Fig. 21 . In Fig. 18 and Fig. 19 , the BBP decreases as the threshold increases in the threshold range from 10 to 50. CASD scheme with a SC threshold of 50 has the lowest BBP over all thresholds, and Fig. 20 as well as Fig. 21 show that the SU of CASD scheme with a SC threshold of 50 is the highest over these all thresholds. Because CASD algorithm has made the adjustment for spectrum fragments over spatial and spectral dimension relative to the benchmark algorithm, resulting in a significant improvement in consistency and continuity. Hence, CASD algorithm has revealed more advantages compared with the benchmark algorithm. From the four figures, we can observe that the SC threshold of 50 is the best among these all thresholds, as it has the lowest BBP and the highest SU.
VI. CONCLUSION
This paper studies on the issue of spectrum defragmentation in SDM-EONs. A concept of spectrum compactness is defined to measure the spectrum status in SDMEONs. A crosstalk-aware spectrum defragmentation (CASD) algorithm is proposed based on spectrum compactness, which could achieve better performance than the benchmark algorithm in terms of bandwidth blocking probability, spectrum utilization, spectrum moving times, and spectrum defragmentation latency. Moreover, the blocking probability decreases as the threshold increases in the threshold range from 10 to 50, spectrum compactness threshold of 50 has better performance than other thresholds in blocking probability and spectrum utilization.
